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Abstract

The water immersion through-transmission method is widely used owing to its simplicity and high precision in measuring
sound speed. However, when measuring the sound speed of a compound material whose host medium is water, such as
hydrogel tissue-mimicking material (TMM), the reproducibility and reliability of the measurements obtained under the state
of water immersion method were found to be low. To solve this problem, the application of contact transmission method
instead of the water immersion method was examined in this study. Unlike the water immersion method, the direct-contact
method requires stability in target stiffness, which is difficult in TMM hydrogels due to their low-stiffness properties. There-
fore, it is important to find a material that acts as a propagation medium, maintains thickness, and prevents percentage change
of the material component in TMM. As a propagation medium, it is necessary for the material to have a low attenuation
coefficient value to increase the signal-to-noise ratio. Among the investigated candidate materials, polymethyl methacrylate
(PMMA) was selected, owing to its lowest signal attenuation value compared to other candidate materials. A measuring
jig was designed and manufactured with this material. The sound speeds of agar and gelatin TMMs were measured by the
conventional water immersion through-transmission method and the proposed indirect contact-type method for comparison.
In the case of the conventional water immersion method, as the measurement was repeated, the measured sound speeds
showed a decreasing trend. By contrast, the indirect contact-type measurements using the PMMA jig showed relatively high
reproducibility and reliability.
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1 Introduction

Tissue-mimicking material (TMM), which closely mimics
the physical properties of human tissue [1], is widely used
for the performance testing and optimization of medical
ultrasound for ultrasonic phantom [2], such as experiments
to demonstrate scientific theories [3], validate computational
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models [4], train sonographers [5], and supply reference
material for calibration [6]. Although the detailed physi-
cal properties required for the TMMs can be different by
application, the most important acoustic properties are the
speed of sound and attenuation coefficient in the material
as a function of frequency, which can be measured by the
conventional water immersion through-transmission method.

The basic concept of the through-transmission method
is to compare two signals (reference signal and test signal)
that have passed between the transmitter and the receiver
facing each other on the opposite sides of the reference
and test materials. The method is carried out either by
direct contact of the transducers on the test material or
by indirect contact using a propagation medium. In the
case of direct contact, it is difficult to handle soft TMM
due to the deformation of the sample during mounting
of the transducer. Hence, indirect contact using water as
the propagation medium and reference material is com-
monly used for convenience so that one can replace the
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materials simply by removing the test sample from of the
water [17-19].

Among the various types of TMM materials, hydro-
gel TMMs, such as agar and gelatin have similar sound
speeds as human tissue [6—13]. However, past experi-
mental results showed that when agar TMM is placed
in water, the glycerol leaches out of the sample, which
changes the speed of sound in the material [10]. In the
case of gelatin TMM, volumetric expansion occurs due
to water absorption, which also restricts the accurate
measurement of sound speed using the water immersion
through-transmission method [11-16]. Thus, despite the
simplicity of the through-transmission method in water,
accurate measurement of the sound speed of hydrogel
TMM is not simple, and it requires an alternative prop-
agation medium. Hence, in this study, a solid material
made of polymethyl methacrylate (PMMA) was suggested
as a propagation medium instead of water due to its sta-
bility, definite shape, fixed volume, and low attenuation
coefficient value, which provides sufficient signal-to-
noise ratio (SNR) [20, 21]. This study provided the pre-
cise measurement of the sound speed of hydrogel TMM
adopting PMMA as a propagation medium instead of
water using the through-transmission method. Basic equa-
tions to determine the sound speed of the sample with the
method are described in Sect. 2.1. Experimental setup
using a transducer jig and preparation of the hydrogel
TMMs, agar and gelatin are explained in Sects. 2.2 and
2.3. For comparison, measurement of sound speed using
water as a propagation medium was also carried out, and
it was shown that using PMMA as a propagation medium
resolved the problems observed for hydrogel TMM:s in
the water environment and provided a more reliable and
accurate sound speed value, as discussed in Sects. 3.1 and
3.2. It was hypothesized that the frequency dependence of
the sound speed in hydrogel TMMs would be negligible
due to the high concentration of water, which was more
than 80%, and was validated in the frequency range from
1 to 10 MHz, as discussed in Sect. 3.2.

Propagation medium
(water/PMMA)

2 Materials and methods

2.1 Sound speed measurement using
the through-transmission method

The through-transmission method is a conventional way
of measuring the sound speed of a sample, which is also
adopted in this study for the sound speed measurement of
hydrogel TMMs. This method compares the traveled signals
from the transmitter to the receiver through the reference
(water or PMMA) and test material (water or sample), as
shown in Fig. 1 [22]. A tone-burst signal with 5 cycles was
used as the transmitting signal to improve SNR and reduce
the shift of the peak frequency instead of a broadband pulse
[23, 24]. By this method, the sound speed of the sample in
the frequency domain can be expressed as:

— es(f) - Bw(f) + L !

() 2xfL v,|

ey

where v,, denotes the intrinsic sound speed of water
described by Del Grosso [18], f denotes the frequency, 6,(f)
and 6,,(f) denote the phases of the received signals with and
without the sample, respectively. Equation (1) remains valid
even when the propagation medium between the transmitter
and receiver is substituted from water to PMMA. Although
the alternative propagation medium does not affect Eq. (1),
it is important to minimize the attenuation of the transmit-
ted signals to get a sufficient SNR. The total travel distance
in the propagation medium, X, is obtained by the summa-
tion of distances x; (from transmitter to the front face of the
material) and x, (from the real face of the material to the
receiver). When the reference material (water) is tested in
pure water or PMMA, the magnitude of the acoustic pressure
that arrives at the receiver is Pye~*+0 or Pje~lanX+a,L]
where P, is the magnitude of the transmitting acoustic pres-
sure, Lissamplethickness, anda,,ande,, are the attenuation
coefficients of water and PMMA, respectively. Then, the
difference in the sound pressure level (SPL) between the two
pressures becomes:

Material
(water or sample)

---------------------------

Fig. 1 Signal paths in the through-transmission method
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The attenuation coefficient of water is proportional to the
square of the frequency by the following equation:

a, = a,, X f2, where a, is a function of water temperature
defined as a0 = (56.8524—3.02545T +0.117416T2-0.0029543073
+3.96985 x 107574=2.11091 x 10777%) x 10~> Np cm™'MHz*,and
T is temperature in degree Celsius [25-27]. At 22.5 °C,
@0 =2x 107> dBem™'MHz 2. To get the lowest signal
attenuator material as an alternative propagation medium in
the indirect transmission method, the evaluation of SNR pro-
duced by each candidate material can be easily denoted by a
comparison of the sound pressure level difference between
water and the candidate material (dB) using Eq. (2).

2.2 Experimental setup

Figure 2 is the block diagram of the measurement system
using the through-transmission method. An N-cycled tone-
burst signal with a 1 ms pulse repetition time is generated
by the waveform generator (33600A, Keysight Technologies,
California, United States) and is amplified by the Radio-
Frequency power amplifier (3100LA, Electronics & Innova-
tion, Ltd., NY 14,623, United States). The optimal number
of cycles was chosen depending on the sample thickness and
frequency [23]. The amplified signal travels from the trans-
mitter (Tx) to the receiver (Rx) passing through the tested

[
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material (either reference or sample). The waveform was
recorded using a digital oscilloscope (HDO6104, Teledyne
Technologies Inc., California, United States) with a 1 MQ
electric impedance. Six pairs of immersion transducers and
contact transducers with a diameter of 1/2 inch were used
for transmitting and receiving the signal at the same central
frequency [28], as summarized in Table 1. The immersion
and contact types of the transducers were used for the meas-
urements in the water and PMMA mediums, respectively.
Two types of jigs based on the types of transducers were
used in the measurements. Immersion transducers were
mounted on the rigid jig with about 10 mm spacing between
the transmitter and receiver in the water medium (denoted
as (3) in Fig. 2). Contact transducers were mounted on the
airtight PMMA jig with about 20 mm spacing between
the transmitter and receiver (denoted as (4) in Fig. 2). The

Table 1 Transducer for transmitting and receiving waveform signals
in water and PMMA as a propagation medium

Central Transducer immersion type  Transducer contact type
freq. (MHz)

1 V303 (0) V103-RM (O)

2.25 ISL-0204-HR (T) V106-RM (O)

35 NDT- V382 (O) V182-RM (O)

5 ISL-0504-HR (T) V109-RM (O)

7.5 V320-SS (O) A120S-RM (O)

10 ISL-1994-HR (T) VI111-RM (O)

(O) and (T) indicate the vendors of the transducers, Olympus Pana-
metrics Inc. and Technisonic Research Inc., respectively

_______ Airtight
Top Cover

777777777 Contact
Transducer

------------- =i
- s || re ||
&V
T - I

[ P
LMoL

Fig.2 Block diagram of the experimental setup using the through-transmission method. (1) chiller, (2) de-ionized water, (3) sample-transducer
jig for water medium, (4) sample-transducer PMMA jig, (5) sample holder, and (6) sample holder with polyimide cover
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immersion and contact transducers used water and PMMA
as propagation media, respectively, but water was used as
the common reference material.

As a comparison of the through-transmission method,
measurements using the reflection method on the PMMA jig
were also carried out. In principle, the reflection method is to
use a transducer that acts as a transmitter as well as a receiver
and a reflected signal will be obtained when the signal passes
through two mediums with different acoustic impedance val-
ues [28]. The airtight PMMA jig with a larger spacing of
about 50 mm is used to separate the reflected signal from the
PMMA and from the sample. One contact transducer is placed
on one side of the PMMA, transmits the signal generated by
the pulser/receiver device (5077PR, Olympus, Massachusetts,
U.S.A.), and receives the reflected signal. The time difference
between the signal reflected by the first reflection (PMMA
sample) and the second reflected (PMMA sample) can be used
to define the sound speed of the sample.

To maintain the purity of the water, dissolved oxygen
concentration and conductivity indication of total dissolved
solids (TDS) of water were checked at each measurement.
The temperature of water was kept at 22.51+0.03 °C by a
chiller and precision thermometer (F250 MK II, Automatic
Systems Laboratories, Leighton Buzzard, United Kingdom).

2.3 Fabrication of hydrogel TMMs

Agar TMM was prepared according to the standard recipe
reported in IEC60601-2-37 with the components as shown
in Table 2 that make the acoustical properties of agar gel
similar to that of human tissue [16, 29, 30]. In this work,
Germall Plus (Halal Everyday) was used as a preservative
instead of benzalkonium chloride because it is relatively

Table 2 Components of agar TMM

Component Weight Manufacturing
Composition (%) company
De-ionized water 82.97 Produced by

Milli-Q water
purification

system
Glycerol 11.21 Sigma Aldrich
Co
Silicon carbide (~37 um) 0.53 Sigma Aldrich
Co
Aluminum oxide (3 pm) 0.94 Alfa Aesar
Aluminum oxide (0.3 pm) 0.88 Alfa Aesar
Agar 3 Sigma Aldrich
Co
Preservative
Agar IEC Standard: Benza- 0.46 Sigma Aldrich
lkonium chloride Co
Present work: Germall Plus Halal Everyday

O springer KES Y3

harmless and easily available. Two types of powders, alu-
minum oxide with 3 um and 0.3 pm diameter and silicon
carbide with 37 um diameter, were used as scatterers, and,
thus, the attenuation of the agar TMM was set. Glycerol,
which is miscible in water and absorbs water (hygroscopic),
was used to set the sound speed of agar TMM. An analytical
balance (PM 1200, Mettler Toledo, Ohio, United States) with
a readability of 1 mg was used to weigh the required amount
of ingredients. The thickness and density of the sample were
measured using a height gauge with a resolution of 0.01 mm
(Digimar 814, Mahr Inc., Rhode Island, United States) and
density kit with a resolution of 0.001 g (XSE205 Dual
Range, Mettler Toledo, Ohio, United States), respectively.

The preparation of gelatin TMM was slightly different
from that of the agar TMM because of the boiling point of
each component. The gelatin TMM used in this study was
made according to the method provided by [31] with the
components displayed in Table 3. To prevent the attachment
of the gelatin TMM to the mold, it was necessary to spray
the releasing agent on the mold for a few minutes before the
mold was used. The mixture was then put into molds and
allowed to congeal for 3—4 days. The thickness and den-
sity of the sample were measured using the same device as
described previously.

3 Results and discussion

3.1 Effect of the submersion duration of hydrogel
TMMs in water

The sound speed of agar TMM in water was measured in
the frequency range between 1 and 10 MHz as shown in
Fig. 3. Figure 3(a) shows that the sound speed of agar TMM
at 1 MHz decreases over time when the sample is kept in
the water tank. Within 2.5 h, the measurement value of the
sound speed dropped from 1532 to 1512 m/s. Thus, the tem-
poral falling ratio of the sound speed was approximately
0.1 m/s per minute.

Hysteresis of the sound speed measurement for the agar
TMM in water was also examined. It was measured from
1 to 10 MHz in steps of 1 MHz, followed by backward

Table 3 Components of gelatin TMM

Component Weight composition (%) Manufacturing company

De-ionized water 90.13 Produced by Milli-Q

water purification

system
Gelatin 8.14 Sigma Aldrich Co
Germall Plus 1.36 Halal Everyday
Formaldehyde 0.38 Sigma Aldrich Co
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Fig.3 Sound speed of agar TMM in water as a propagation medium. a change of the measured sound speed with time at 1 MHz and b irrevers-

ible measurement of sound speed with sequence

measurement from 10 to 1 MHz; the sound speed value for
both sequences at each frequency did not match, as shown
in Fig. 3(b), indicating hysteresis of the sound speed meas-
urement. If backward sequence measurements were not
performed, it would have been mistakenly concluded that
the sound speed of the agar TMM decreases as frequency
increases, which goes against the physics of the Kram-
ers—Kronig relation [32].

The agar and gelatin TMMs were immersed in water for
approximately 1.5 h, and the density was measured every
30 min at 22.4 °C. Both hydrogel TMMs showed a decrease
in density on immersion in water as shown in Fig. 4. This
decrease proved the change in weight composition of both

hydrogel TMMs. When immersed in water, the density of
agar TMM declined from 1063 to 1046 kg/m3 and gela-
tin TMM dropped from 1021 to 1017 kg/m3 in 1.5 h. The
density reductions of agar and gelatin TMMs were 17 and
4.4 kg/m?>, respectively, and the temporal ratio of falling
density was approximately 0.19 and 0.05 kg/m® per min-
ute, respectively. The decrease in density of agar TMM was
greater than that of gelatin TMM. Therefore, in the case of
agar TMM, it can be inferred that there are other factors
besides volume expansion due to water absorption. Changes
in the weight composition of agar TMM dissolved in water
are thought to be caused by glycerol, one of the main
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Fig.4 Density of hydrogel TMMs over time immersion in water. a agar TMM and b gelatin TMM

components of the agar TMM. However, the water absorbed
by the hydrogel TMM is suspected to cause changes in the
volume, resulting in lesser change in the density of the gela-
tin TMM as compared to that of agar TMM.

3.2 Rationale of PMMA as a propagation medium

The difference in sound pressure level (SPL) between the
propagation medium and water depends on their attenuation
coefficients and the length of the material used as the propa-
gation medium, as shown in Eq. (2). The length of the propa-
gation medium is considered equal to the total thickness of
the PMMA jig, which is 4 cm. The calculated difference in
SPL between water and several materials, such as metals,

D Springer KESYAEAY

ceramics, rubbers, and plastics are presented in Table 4. As
seen in the table, PMMA has a relatively low difference in
sound pressure level compared to the other materials at the
same frequency. The low difference in sound pressure level
indicates that the signal obtained via pass-through of the
material does not have much difference with that obtained
via pass-through of the water, both in terms of amplitude and
distortion. The detailed measurement results of the acoustic
properties of PMMA are provided in Appendix 1.

3.3 Sound speed of hydrogel TMM

The sound speed of hydrogel TMM with approximately
10 mm thickness was measured in the frequency range
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Table 4 Difference in sound pressure level (SPL) between several
solid materials and water using Eq. (2) with X=4 cm and 22.5 °C
water temperature

Material Frequency Attenuation SPL Differ-
(MHz) (dB/cm) ence (dB)
SPL,, — SPL,,

PMMA [21] 1 1.1 38.2

TPX [21] 1 1.6 55.6

PS [21] 1 23 80.0

HDPE [21] 1 2.6 90.4

Epoxy [33] 1 2.74 95.3

Nylon 6/6 [21] 1 33 114.8

Polypropylene [33] 1 4.52 157.2

Polycarbonate (PC) [20] 1 7.48 260.2

Pure Fe (cold-worked) 5 6.29 217.1
[33]

PMMA [34] 5 6.4 220.9

Pure Fe (annealed) [33] 5 6.45 222.7

Acrylonitrile butadiene 5 11.1 384.5
styrene (ABS) [34]

Polyvinyl chloride (PVC) 5 11.2 388.0
[34]

Polycarbonate (PC) [20] 6 27.34 948.9

PMMA 21.3 °C [35] 10 9.2 313.0

between 1 and 10 MHz. The hydrogel TMM contains more
than 80% of water by weight, and hence, it is expected that
the sound speed does not explicitly depend on the frequency.
The measurement of sound speed from the hydrogel TMM
was carried out in two propagation media: water and PMMA.
To give more evidence, the agar TMM wrapped by 0.05 mm
polyimide was also observed and experimental result shows
the sound speed rapidly dropping during measurement in the
water medium. Figure 5 shows the measurement results of
sound speed on agar and gelatin TMMs. Under the assump-
tion that the sound speed of hydrogel TMM does not have
frequency dependence, the average values of sound speed
and standard deviation for each condition are also included
in Fig. 5 as a dashed line and dotted line, respectively.

The agar TMM was measured for its sound speed in the
water (with and without polyimide as a wrap) and PMMA
as a propagation medium, as shown in Fig. 5(a). The meas-
urement was performed in a temperature-controlled bath in
the range of 22.99+0.01 °C. The open squares indicate the
sound speed value produced when the measurement was
carried out in water as the propagation medium. The sound
speed decreased from 1532.2 m/s at 1 MHz to 1520.2 m/s
at 10 MHz. The sound speeds of agar TMM in the water
medium (open squares), with polyimide wrap (asterisks),
and PMMA medium (open circles) were measured as
1524.1+4.1 m/s, 1538.6 +2.3 m/s, and 1548.8 +0.9 m/s,
respectively. Although using polyimide as a wrap showed a

slight improvement compared to unwrapping, the measure-
ment in PMMA still showed a better value, as seen from the
standard deviation value of only 0.06%.

Figure 5(b) shows the sound speed of the gelatin TMM
measured in water and PMMA as an alternative medium. In
the gelatin TMM, the decrease in sound speed in the fourth
time measurement in the water was not obvious because its
value fluctuated. This happened because the size of the gela-
tin was unstable due to water absorption and dehydration
processes during measurement. However, a slight decrease
with a gradient of —0.0887 is shown in Fig. 5(b) by plotting
the linear trend line. Similarly, measuring the sound speed
of gelatin TMM using PMMA as a propagation medium also
gave better values. The average value and standard devia-
tion of sound speed when measured in water as the propa-
gation medium was 1520.3 +2.2 m/s, which improved to
1531.13 +0.83 m/s when measured in PMMA.

Experiments using reflection mode on PMMA medium
were also carried out. Unlike the through-transmission
method which compares the difference in travel time
between the reference material and the sample, the reflec-
tion method uses the difference in delay time generated after
bouncing the front face of the sample with the back face of
the sample. This delay time is obtained by the maximum
time difference between the front and back signals after
being transformed using the Hilbert transform. The average
value and standard deviation of sound speed (open trian-
gle) are 1543.2 +3 m/s and 1524.1 +2.4 m/s for agar TMM
(Fig. 5a) and gelatin TMM (Fig. 5b), respectively.

3.4 Comparison of the time-domain signal analysis
in water and PMMA

The comparison between time-domain signals produced
when measurements are made in water as a propagation
medium and PMMA as an alternative propagation medium
at low and high frequencies is shown in Fig. 6. At the low
frequency of 1 MHz, the resulting signal shapes when using
water and PMMA are slightly different as seen in Figs. 6(a)
and (b), respectively. By contrast, at the high frequency of
10 MHz, the signal shapes when using water and PMMA are
considerably different as seen in Figs. 6(c) and (d), respec-
tively. This indicates that the signal passing through PMMA
suffers from greater distortion than when passing through
water. Therefore, measuring the attenuation coefficient using
PMMA as the propagation medium is not recommended.
However, in the case of sound speed measurement, since the
phase information in Eq. (1) is dominant to the time of flight
and weakly perturbed by the Fourier transform, the influence
of signal distortion is relatively small. The time of flight can
consistently be obtained using a first zero-crossing point of
the signal [36].

,,,,,,,,,,,,,,,,,,,,,,
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Fig.5 Sound speed of hydrogel TMMs in the frequency range of 1 —10 MHz. The dashed line (-) indicates average value and the dotted line (:)

indicates standard deviation. a agar TMM and b gelatin TMM

4 Conclusion

In this study, we have reported our observations of the dif-
ficulties encountered in measuring the sound speed of hydro-
gel TMM using the water immersion through-transmission
method, and offered an alternate method configuration.
The reasons for the inconsistent sound speed measurement
results when water is used as a propagation medium in the
conventional method are summarized as follows. First,
hydrogel TMMs absorb water and expand in volume over
time, and second, some of the ingredients used in the com-
position dissolve in the water. This has been observed and

.....................

verified through density measurement comparisons. Based
on the fact that the sound speed of water does not depend
on the frequency, we hypothesized that the sound speed of
hydrogel TMMs has very weak or no frequency-dependent
characteristics to solve this measurement problem. In addi-
tion, by examining different propagation media in the con-
figuration of the measurement system, PMMA was adopted
as a material with relatively weak signal distortion due to
attenuation. An alternative configuration of the measuring
device was made by using a contact transducer in PMMA,
and the sound speed measurement results were compared
with the existing configuration. As shown in the previously
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Table 5 A‘;"“Stic properties of  proquency Vps [ms] ARI [AU] Char. impedance  B-modulus Att. coefficient
PMMA at 1-10 MHz (MHz) 10* [Rayls] 108 [Pa] [dB/cm]
1 2617.4+1.79 1.7570+£0.0010 307.8+0.3 80.6+0.2 221+0.18
2 2621.8+1.81 1.7600+0.0011 308.3+0.3 80.8+0.2 3.92+0.08
3 2628.1+0.46 1.7640+0.0004 309.1+0.1 81.2+0.1 5.25+0.01
4 2629.9+1.49 1.7654+0.0010 309.3+0.2 81.3+0.1 6.84+0.08
5 2632.7+0.66 1.7672+0.0005 309.6+0.1 81.5+0.1 8.17+0.03
6 2633.9+0.67 1.7680+0.0005 309.8+0.1 81.6+0.1 9.56 +£0.06
7 2636.7+0.41 1.7698 +0.0003 310.1+0.1 81.8+0.1 10.34+0.01
8 2637.3+0.11 1.7702+0.0001 310.1+0.1 81.8+0.1 11.54+0.01
9 2638.9+0.36 1.7714+0.0003 310.3+0.1 81.9+0.1 14.11+0.08
10 2639.8+0.41 1.7720 £ 0.0003 310.4+0.1 82.0+0.1 15.49+0.18

measured results and discussion, the standard deviation of
the sound speed measurements in the alternative configura-
tion was smaller and showed negligible dispersion, which
complies with the hypothesis.
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if changes were made. The images or other third party material in this
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included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

APPENDIX A

The acoustic properties of the PMMA used to make the jig
in the present work were measured in the frequency range
between 1 and 10 MHz as shown in Table 5. The thickness
and density of the PMMA sample were 9.99+0.01 mm and
1176 +0.08 kg/m>, respectively. The measurements were
performed in water at a temperature of 22.5+0.02 °C. The
sound speed of the PMMA increased with frequency from
2617.4+1.8 m/s at 1 MHz to 2639.8 + 0.4 m/s at 10 MHz
and the attenuation coefficient increased linearly with fre-
quency from 2.2+0.17 dB/cm at 1 MHz to 15.5+0.18 dB/
cm at 10 MHz. The measurement result was slightly differ-
ent from some previous studies [20, 21, 34, 35]. This was
due to several factors, such as the correction factors used
for calculations, experimental temperature, and density of
the material. The correction factors used in this study are
diffraction loss, transmission loss, and correction of the
sound velocity and attenuation coefficient of water accord-
ing to temperature. The different PMMA manufacturers and
manufacturing processes can also be considered as possible
causes.
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